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Remote sensing by satellite 


by Hermann Bondi 


A modern most promising use of electromagnetic waves is the study of the Earth’s 
surface by satellite. The very mention of the word ‘satellite’ brings to mind the idea of 
huge costs. However, a remote sensing satellite produces so much in the way of data 
that, per unit of information, it is very cheap. This is analogous to a bus being far more 
expensive to buy than a car, but, per passenger carried, the bus is far cheaper. 


For a satellite to circle the Earth for a long time, it must orbit well above the atmosphere. 
Therefore, for information to reach the satellite, it must be sensitive to something that 
cannot only penetrate the atmosphere but also travel above it through empty space. Only 
electromagnetic waves of particular frequencies (and therefore wavelengths) can fulfill 
these conditions (Figure 1). Effectively this means that we are restricted to the two 
windows in which the atmosphere is transparent: 


e visible light and the near infrared 


e radio waves of a wavelength of more than a few millimetres, i.e. microwaves. 


visible and microwaves 
100 near infrared 
S 80 
= 
6 
Z 60 
E 
2 40 
E 
20 
0 = 
104 103 10-2 107! 1 10 102 


wavelength/mm 
FIGURE 1 Atmospheric transparency versus frequency 


As we very well know from daily experience, visible light cannot penetrate clouds, and, 
even when there are no clouds, it may suffer some absorption and scattering by water 
vapour and water droplets in the conditions we call hazy. The near infrared is a little less 
affected but, even so, this type of Earth observation is confined to clear skies. However, 
such observation in visible light (plus the near infrared) has two major advantages: 
firstly, the necessary illumination is provided in abundance by the Sun and, secondly, we 
are very familiar with interpreting information in visible light — we have trained our 
brains to interpret such information from birth. 


In the optical range of frequencies, because the illumination is provided by the Sun, the 
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satellite equipment is purely passive — it need only detect signals. Such a method is not 
generally favoured in the microwave region. It is true that different types of ground 
differ in both their emissivity and their temperature so that even a purely passive 
microwave system will reveal contrasts, but an active system (in which the satellite 
emits a beam of radiation and receives the fraction of it scattered back by the ground) is 
far more informative. Moreover, the technology of such radar systems is very well 
developed. A drawback is that it takes a great deal of energy to emit a sufficiently 
powerful beam and the amount of energy available on a satellite (usually via solar cells) 
is invariably limited. 


If the necessarily modest sized aerials of the satellite are to give a narrow microwave 
beam (for reception as well as for transmission), they must be as large as possible in 
terms of the wavelength of the microwave signal transmitted. The spread of the beam is 
governed by the familiar equation d sin 0 = A and so, for small spread (i.e. small 0) we 
need a small ratio A/d. In other words, the wavelength should be as short as possible 
(Figure 2). However, water vapour absorbs microwaves at various wavelengths below 
14cm, so that this represents an effective lower limit for all-weather utility. Even at a 
slightly longer wavelengths, there is a good deal of scattering by large water drops, such 
as occur in tropical downpours, and a compromise must be made between the definition 
in the image, and the ability to function in all weathers. 


FIGURE 2 The beam emitted by an aerial of diameter d has width 20 where @ is given by d sin 0 
= A and Å is the microwave wavelength. For small angles sin 0 ~ @ and the beam width 20 = 2/d. 
With typical values of A= 5 cm and d = 5 m, we have 20 = 5cm / 5m = 0.01 radians. If the orbit 
height is 800 km, the beam at the ground will be 8 km wide. 


An interesting point is that the effective beam can be made markedly narrower in one 
dimension than would be predicted from the actual physical size of the aerial. This is 
achieved by combining the signals received from successive positions of the satellite. 
Such ‘synthetic aperture radars’ effectively use an aerial greatly elongated in the 
direction of flight, but the full length cannot be realised unless the system compares not 
only the strength of the signals received at successive instances but also their phase as 
well. This is very demanding on the electronic design of the system but such equipment 
has been flown. 


The designers of a remote sensing satellite cannot only choose from amongst the various 
sensors described, but also they can try to optimise the orbit of the satellite for their 
purposes. The plane of the orbit must contain the centre of the Earth, so one element of 
choice is the inclination of the orbit to the equatorial plane. A low inclination will ensure 
dense coverage of the low latitude zone of the Earth, but only a high inclination orbit 
(Figure 3) will accomplish coverage of the polar regions. A low height of orbit will give 
good resolution, but at the cost of erratic effects on the orbit due to the outer atmosphere. 
At one extreme, a satellite (e.g. Meteosat) can be placed in a geostationary orbit (at a 
height of about 40 x 103 km). Meteosat is used for climate modelling — it has a 
resolution of about 20 km, sufficient for its purposes. For more typical heights of about 
800 km, the orbital period is around 100 minutes. If the Earth were a sphere and the 
effects of the Sun and the moon negligible, the orbit would be fixed in space, with the 
Earth, as it were, spinning below it. Thus successive orbits would intersect the equator 
at time intervals of 100/(24 x 60) = 0.069 of a day. This interval corresponds to 


0.069 x 360° = 25° of longitude. The same region is covered once every 24 hours with 
the satellite going north, and once with it going south. (Strictly speaking, the relevant 
rotational period of the Earth is not the solar day of 24 hours, but the sidereal day of 
23 hours 56 minutes) 


a polar orbit 


FIGURE 3 A high inclination (in this case, polar) orbit showing the rotation of the Earth under 
the orbital plane during one day. The spacing of the trace depends on the orbital height. 

To what uses can such Earth observation satellites be put? The earliest achievements 
were in the military field where observing the facilities and military dispositions of rival 
countries did a great deal in the periods of most intense superpower opposition to calm 
the situation by replacing nightmare visions of what the putative enemy might be up to 
by sober (and usually far less alarming) facts. 


Increasingly, civil uses are being found (see, for example, Figure 4). In looking at such 
uses, it is helpful to distinguish whether one wants primarily to observe the land or the 
sea. 


FIGURE 4 This infrared picture shows stubble burning (dark pixels) in the south of England on 
6 September 1985. Courtesy BNSC 

In land observation, the features revealed include the extent of snow cover, of flooding 
and the state of reservoirs and lakes. The incidence of fine weather is sufficient to allow 
such work to be carried out using optical sensors. With a little more refinement, forest 
cover (and worrying deforestation) are seen, as are the gullies of active soil erosion. 
Cities and perhaps their all too frequent smog zones are readily apparent. All these make 
excellent pictures that can be most impressive and show significant economic benefit. 


The next stage of sophistication in sensing enables us to view the agricultural situation 
— what is grown where and how the crop is developing. It is becoming possible to look 
at the health of crops and of forests. To discover specifically, cheaply and promptly 
where a particular pest is taking hold could be of the greatest help in its eradication, 
without the environmental poisoning that occurs when relevant pesticides are spread 
over huge areas. Indeed one can envisage much improved management of major 
plantations (with a consequent lowering of the cost of commodities like tea, coffee, 
rubber, etc.) as a benefit of improved remote sensing. 


It is perhaps worth stating that such projects do not require progress in instrumentation 
on the satellite as much as progress in the interpretation, and especially the computerised 
interpretation, of the enormous flood of data generated by Earth observing satellites. For 
the time being, this looks a wholly feasible undertaking with optical data, but very 
difficult with microwave data. It is also worth noting here that the ownership of the 
novel information generated is liable to cause trouble, for it will be highly useful not 
only to the management of estates and to national authorities but also to those who 
speculate on the commodity exchanges. This could led to serious quarrels. 


While information obtained by satellites over land is far more cheaply and 
comprehensively obtained than by observation on the ground, it is not in principle of a 
different kind. At sea, on the other hand, remote sensing by satellites not only provides 
knowledge comprehensively and continuously (previously it was only obtainable 
sporadically via ships) but also makes available wholly new kinds of information of the 
greatest value. The most exciting of these is the topography of the surface of the oceans. 
A downward looking radar on a satellite can measure the height of the satellite above the 
ocean to an accuracy of 30 cm or less by using short sharp pulses of radiation (Figure 5). 


FIGURE 5 The sea-surface topography measured by radar. The radar footprint covers several 
kilometres and so it is the average sea height rather than the waves that are visible. NASA 


Why is the surface of the sea not level? There are a number of causes. A mountain of 
rock at the bottom changes the gravitational field, causing the ‘gravitational horizontal’ 
(the surface perpendicular to the gravitational force) to dip and rise. Storms can pile up 
water temporarily in enclosed regions, e.g. a persistent north wind leads to substantial 
rises of sea level in the southern North Sea. Tidal shifts of water cause periodic 
variations of the sea surface. But of the greatest interest is the slope in the sea surface 
caused by the Earth’s rotation, which, through the Coriolis effect, is responsible for 
ocean currents. We are now in a position to monitor the currents of the oceans, their 
widths and speeds, to a precision never previously dreamed of. The currents are of the 
utmost importance in determining climate. If the transport of heat north and south from 
the tropics did not occur, the equatorial regions would be markedly hotter and mid and 
high latitudes markedly cooler. This transport of heat occurs partly in the winds of the 
atmosphere but fully half of it takes place in the currents of the oceans. Any impending 
climatic change would show itself first in variations of ocean currents. The well 
established ‘El Nino’ phenomenon in the SE Pacific is an example of the linkage 
between ocean currents and climate. 


But satellites can do more than measure currents. Since the first parts of the returning 
radar pulse come from the tops of the ocean waves, and the later parts from the troughs, 
the slope of the pulse reveals wave height. Other microwave measurements give 
indication of the wind (important for the economic routing of ships), while infrared and 
optical measurements can measure both ocean surface temperature (again of climate and 
weather relevance) and the silt load. Even more importantly they can show where given 
microorganisms fix sunlight, the first step in the food chain of the ocean, and thus the 
foundation of fisheries. This is a most interesting and important area of study if the 
human race is to increase its ability to harvest the oceans in a sustainable manner. 


As the years roll by, our knowledge of the oceans will become far greater thanks to 
satellites, as will our ability to gain the necessary knowledge to manage land areas. 


‘Fine tuning’ the Universe 


by Martin J. Rees 


This is an edited extract from a longer paper presented by Professor Rees at the 3rd 
Venice Conference on Cosmology and Philosophy in December 1989. The paper deals 
with the long-term evolution of the cosmos. 


I mentioned earlier the evidence for apparent ‘fine tuning’ in the way the universe was 
set up expanding at just the right rate. This has led some physicists to highlight other 
apparent coincidences in the physical laws. It is important to recognise the crucial role 
played by gravity in the cosmos. 


Gravity holds together individual stars and entire galaxies, and two peculiar features of 
this force are crucial for the evolution of the cosmos. The first is that gravity drives 
things further from equilibrium. But gravitating systems lose energy as they get hotter. A 
homely instance of this is the way an artificial satellite speeds up as it spirals downward 
due to atmospheric drag. To give another example, if the Sun’s radiative losses were not 
compensated by nuclear fusion, it would contract and deflate, but would end up with a 
hotter centre than before. To establish a new and more compact equilibrium where 
pressure can balance a stronger gravitational force, the central temperature must rise.* 
From the initial big bang to our present Solar System, this ‘anti-thermodynamic’ 
behaviour has been amplifying density contrasts and creating temperature gradients, a 
prerequisite for the emergence of any complexity. 


The second key feature of gravity is its weakness. In a single hydrogen molecule, the 
force of gravity is about 106 times weaker than the electrical binding forces. However, 
whereas in any large object the positive and negative electric charges almost cancel, 
everything has the same sign of gravitational charge. The relative importance of gravity 
(if measured as the gravitational potential at the surface) grows roughly as the two-thirds 
power of the mass involved. A body must therefore contain about (1036)3/2 = 1054 atoms 
before gravity starts to crush it. This corresponds to about the mass of the planet J upiter, 
and anything much larger than this would be compressed and would in effect become a 
star. It is because gravity is so feeble that stars are so big. If gravity were somewhat 
stronger, for instance 1076 rather than 1036 times weaker than microphysical forces, a 
small scale speeded up universe could exist, in which stars (gravitationally bound fusion 
reactors) had 10-!5 of the Sun’s mass, and lived for less than a year. This might not 
allow enough time for complex systems to evolve: there would be fewer powers of 10 
between astrophysical time-scales and the basic microscopic time-scales for physical or 
chemical reactions. Cosmic structures, moreover, could not get very large without 
themselves being crushed by gravity. Our universe is vast and diffuse, and evolves so 
slowly, because gravity is so weak. Its extravagant scale is necessary for interesting 
complexity to evolve. 


A force like gravity is essential if structures are to emerge from amorphous beginnings. 
But, paradoxically, the weaker it is, the grander and more complex are its consequences. 
For life like us to evolve, there must be time for at least one generation of stars to have 
evolved and died, to produce the heavy elements, and then time for the Sun to form and 
for evolution to take place on the Earth. This takes several billion years. When the 
universe is that old, it will of course be several billion light years across. The 
extravagant scale of the universe is necessary to allow enough time for life to evolve on 
even one planet around one star. 


This is an example of ‘anthropic reasoning’, the general line of argument that the 
Copernican principle, cosmic ‘modesty’, should not be taken too far. We may not be 
justified in assigning a central position to ourselves, but it may be equally unrealistic to 
deny that our situation is privileged in any sense. In its mildest form, anthropic 
reasoning is simply a proper allowance for observational selection. Given the brute fact 
that we are a carbon-based form of life slowly evolved around a G-type star, there are 
some features of the universe, some constraints on physical constants, which can be 
inferred quite straightforwardly. Some theorists go a step further, and regard it as worthy 
of note that a universe exists around us where the physical laws and constants permit 
anything interesting to have happened, whereas one might have imagined a ‘stillborn’ 


* This idea is discussed extensively in Unit 16. 


universe where nothing could evolve. Can we justifiably go beyond a subjective 
expression of surprise that the requisite delicate balances seem to prevail? 


The eventual status of anthropic arguments will, I think, depend on what the laws of 
nature are really like. If these laws turn out to involve some random or statistical 
element, then the idea of an ensemble of universes could be put on a serious footing. It 
could then be ‘observational selection’, not a mere accident, that our universe (that is the 
part of space-time that we can observe) has the particular values of physical constants 
that we measure. Some theories involving symmetry-breaking at high temperatures just 
after the big bang indeed suggest that different universes, or different parts of an infinite 
universe, could have cooled down after the big bang ending up governed by quite 
different laws. An infinite universe could be divided into domains in each of which the 
physics could be different. Complex evolution would occur only in ‘oases’ where the 
constants, the numbers of dimensions, etc. have propitious values. Our oasis must then 
be at least 10 billion light years across because the physical laws seem the same 
everywhere our telescopes can probe. But the desert regions beyond may in principle be 
observable in the remote future, when, maybe 10!2 years or more from now, light from 
the edges of our domain has had time to reach us. This time delay is, to be sure, a 
practical impediment to empirical tests. But in its conceptual status, the situation is no 
different from the conjectures of early cosmographers about continents beyond the 
horizons of the then-known world. The ensemble of such domains could encompass all 
possible values of the fundamental constants, and even different dimensions. 


Others think of the different universes as having some kind of temporal ordering, or 
even being causally quite disjoint from ours. This idea was proposed by Sakharov in the 
1970s, and a more sophisticated version was later developed by the Soviet physicist 
Linde. According to his version, our universe, itself extending far beyond the 10 billion 
light years we can so far see, may be just a ‘bubble’ linked to others in a magnificent 
infinite ensemble. 


These serious scientific suggestions may seem to be invading the territory of science 
fiction. And in this connection I would like to recall the classic book Star Maker, written 
in the 1930s by Olaf Stapledon. The ‘star maker’ is a creator and designer of universes. 
‘Some of his later creations were designed with two or more temporal dimensions. 
Living for a brief period along one dimension, each creature perceived at every moment 
of its life a simultaneous vista which, though of course fragmentary and obscure, was 
actually a view of a whole unique transverse cosmical evolution in the other dimension. 
... In one inconceivably complex cosmos, whenever a creature was faced with several 
possible courses of action, it took them all, thereby creating many distinct temporal 
dimensions and distinct histories of the cosmos. Since in every evolutionary sequence 
there were very many creatures, and each was constantly faced with many possible 
courses, an infinity of distinct universes exfoliated from every moment.’ 


FIGURE 1 


Some physicists, however, believe that the real universe is not allowed the statistical 
freedom and randomness envisaged by Stapledon or Linde. If there were a unique 


theory, determining uniquely the strengths of the forces and the masses of elementary 
particles, then there would be no role for anthropic natural selection. But it would then 
seem oddly coincidental, or even providential that the constants determined by high 
energy physics happened to lie in the narrowly restricted range that allowed complexity 
and consciousness to evolve in the low-energy world we inhabit. The intricacy of the 
consequences allowed by the unique laws might seem astonishing, but we would have to 
accept that our reaction would be no less subjective than that of a mathematician 
surprised at the intricately interrelated deductions stemming from a few simple axioms, 
or by the discovery that something as complex as Mandelbrot’s set (Figure 1) can be 
described in a two-line algorithm. 


To say that we would not be here if things were otherwise perhaps need not quench our 
curiosity and surprise at finding that the world is as it is. John Leslie has given a neat 
analogy: ‘Suppose you are facing execution by a 50-man firing squad. The bullets are 
fired, and you find all have missed their target. Had they not done so, you would not 
survive to ponder the matter. But, realising you are alive, you might legitimately be 
perplexed and wonder why.’ 


Getting used to Relativity 
by Russell Stannard 


I shall never forget the time I was first introduced to Einstein’s Theory of Relativity. I 
was a student and came across these books about Relativity in the university library. I 
devoured them! I had never read anything so fascinating. To think that just about all the 
ideas I had ever had about space and time were wrong! For example, there isn’t just a 
single space we all inhabit — a common stage on which we act out life’s drama. Two 
people in relative motion — an astronaut in a high speed spacecraft and a mission 
controller at Houston, say — occupy different spaces. Their estimates of distances are 
different: At nine-tenths the speed of light, the length of the craft according to the 
mission controller is only half what it is to the astronaut! Similarly they have different 
ideas about time. For the astronaut, the time it took for him to reach a distant planet is 
less than the time of the journey according to the mission controller — at the above 
speed, their estimates are out by a factor of two. Not only that, but if on launch the craft 
had been unfortunate enough to be struck by lightning simultaneously at the nose-cone 
and at the rear (simultaneous according to the astronaut) then the strikes would not have 
occurred simultaneously according to the mission controller — one would have occurred 
before the other. And there is no question of one observer being correct and the other 
mistaken; they are both correct because each has his or her own space and time! 


Now, if this is the first time you have come across such ideas, I can well imagine your 
reaction. The trouble with studying Relativity is that it is not a case of absorbing 
information about a subject that is new to you. That wouldn’t be so bad. The problem is 
that it concerns a subject about which you already think you know the answers — only 
they are wrong. Before you are able to absorb Einstein’s Relativity you have to be 
prepared to jettison your old ‘commonsense’ views of space and time — those built on 
Newtonian ideas — and this isn’t easy. 


In this connection, try to remember Einstein’s dictum: Commonsense consists of that 
layer of prejudice laid down in the mind prior to the age of eighteen. 


Because it is hard to let go entrenched ideas, I have come to believe that people should 
make their first acquaintance with relativity at as early an age as possible. My own 
work* has recently shown that 11 and 12 year olds can be more receptive to these ideas 
than their parents! The younger one is, the more flexible one’s thinking, and the more 
open one is to new ideas. This is doubtless why most of the great advances in theoretical 
physics have been made by young men (Einstein was in his early twenties when he 
produced Special Relativity.) 


Not that you should worry overmuch about having left it too late to learn Relativity — 
even though you are a ‘mature’ student. It is not difficult to understand Relativity (the 


* Some OU students (presumably the young in heart!) have found my little book The Time and 
Space of Uncle Albert (Faber and Faber) helpful. 


mathematics is no more complicated than that of Pythagoras’s theorem). It is more a 
matter of allowing yourself time to get accustomed to unusual ideas. In this regard, I was 
lucky. When I graduated, I went on to do research in High Energy Nuclear Physics. As 
the name implies this involves dealing with very energetic nuclear particles. We 
accelerate them in enormous particle accelerators — machines shaped like doughnuts 
several miles across (Figure 1). The particles reach speeds very close to that of light — 
the realm where relativistic effects become dominant. We find that the momenta of the 
accelerated particles obeys the relativistic equation, not that of Newtonian mechanics. 
The accelerators are designed to operate according to Einsteinian principles, not 
Newtonian ones. If Newton had been right, the machines would not have worked and 
several hundreds of millions of pounds of research money would have been wasted! 


FIGURE 1 A tiny section of large particle accelerator at CERN Geneva — a machine that would 
not work if Einstein had been wrong. CERN 


Several of the experiments I have myself been engaged in over the years depended 
crucially on relativistic time effects. At high speed, clocks slow down. This is true not 
only of the astronaut in the spacecraft we were considering earlier, but also of tiny 
unstable sub-nuclear particles. Speed slows down their internal time-keeping mechanism 
so they disintegrate less quickly than when they are stationary. 


Having spent most of my working life in high energy physics laboratories where these 
effects are commonplace, relativistic ideas of space and time have for me become 
second nature. Do I thereby ‘understand’ Relativity any better? I doubt it. I doubt that I 
understand it any better than you will when you have completed your study of Unit 12; 
I’m just more familiar with it — more blasé about it! 


Not that you should get the impression that Relativity is something esoteric happening 
only under the artificial conditions of specialist laboratories. The relativistic insight that 
matter is a locked-up form of energy — energy that can under certain circumstances be 
released — is at the heart of our understanding of the nuclear processes taking part in the 
Sun. And nothing could be more relevant to understanding our daily environment than 
being able to account for why the Sun is hot. As for the difference in time for observers 
moving relative to each other, this has recently been measured using an ordinary aircraft 
— it is no longer the province only of sub-nuclear particles and mythical high speed 
astronauts. Relativity is increasingly being seen as a theory of direct relevance to 
understanding the world in which we live. Is it too much to hope that one day it will 
become truly a part of our culture — that it will no longer be thought to ‘defy 
commonsense’? 
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